Few signaling molecules have as much potential to influence the developing mammal as the nucleoside adenosine. Adenosine levels increase rapidly with tissue hypoxia and inflammation. Adenosine antagonists include the methylxanthines caffeine and theophylline. The receptors that transduce adenosine action are the A1, A2a, A2b, and A3 adenosine receptors (A1AR, A2aAR, A2bAR, and A3AR). We examined how adenosine acts via A1ARs to influence embryo development. Transgenic mice were studied along with embryo cultures. Embryos lacking A1ARs were markedly growth retarded following intrauterine hypoxia exposure. Studies of mice selectively lacking A1AR in the heart identify the heart as a key site of adenosine's embryo-protective effects. Studies of isolated embryos showed that adenosine plays a key role in modulating embryo cardiac function, especially in the setting of hypoxia. When pregnant mice were treated during embryogenesis with the adenosine antagonist caffeine, adult mice had abnormal heart function. Adenosine acts via A1ARs to play an essential role in protecting the embryo against intrauterine stress, and adenosine antagonists, including caffeine, may be an unwelcome exposure for the embryo. (Arterioscler Thromb Vasc Biol. 2012; 32:851-855.)
A denosine consists of an adenine group attached to a ribose moiety. Adenosine is present in all cells and is a component of nucleic acids and energy-carrying molecules. 1, 2 Adenosine can be directly released from the cell or generated extracellularly. 3 Within the cell, adenosine is produced from the hydrolysis of S-adenylylhomocysteine, adenosine-5'-triphosphate (ATP), adenosine-5'-diphosphate (ADP), or c-adenosine-5'monophosphate (AMP). 4 Carrier-mediated processes transport intracellular adenosine to the extracellular space via bidirectional transporters. 1, 5 Intracellular adenosine disposal involves adenosine kinase, which converts adenosine to AMP. 5 Adenosine is also converted to inosine by adenosine deaminase. 6 Extracellular ATP is an important source of adenosine following conversion of ATP to ADP and AMP. Enzymes that catalyze these reactions include the ectonucleotidases CD28 and CD39, which convert ATP to ADP and AMP, and CD73, which converts AMP to adenosine. 4 Little is known about the developmental expression and regulation of these enzymes. Contributing to elevations of adenosine levels during hypoxia, there is increased CD39 and CD73 activity, reduced cellular uptake of adenosine, and reduced adenosine kinase activity in hypoxic conditions. 5, 7 Under basal conditions, interstitial adenosine levels are 1 to 50 nmol/L. 2, 5 Adenosine levels rapidly rise to more than 1 mol/L with tissue ischemia, hypoxia, and inflammation. 2 Local adenosine levels thus provide a barometer of tissue activity and oxygenation, with tissue oxygenation acting to decrease adenosine levels and oxygen deprivation increasing adenosine concentrations.
Adenosine Receptors
There are 2 major classes of purine receptors, P1 and P2. 8, 9 ATP and ADP bind to P2 purine receptors, which include P2Y purine metabotropic receptors that couple with G proteins. 9 P2 receptors also include the P2X receptors, which are ion channels. 9 Adenosine receptors (ARs) are P1 purine receptors. 8,10,11 A1AR and A3AR inhibit adenylyl cyclase, and A2aAR and A2bAR stimulate adenylyl cyclase. 8, 10, 11 Similar to other G protein-coupled receptors, adenosine receptors contain 7 putative transmembrane-spanning domains. 8, 10, 11 Adenosine receptors were initially cloned as orphan receptors. 12 The identities of the genes encoding the A2a, A1, A2b, and A3 adenosine receptors were subsequently established in sequential order. [13] [14] [15] [16] [17] [18] Each adenosine receptor subtype has a different pattern of tissue expression and ligand binding properties. In cell-based systems, A1ARs have the highest affinity for adenosine (K i 10 nmol/L). 8, 10, 11 The K i values for adenosine for A2aAR, A2bAR, and A3AR are 200, 2000, and 10 000 nmol/L, respectively, for the human receptors. 8, 10, 11 A3ARs are also activated by the adenosine metabolite inosine (K i 2300 nmol/L). 8, 10, 11 During development, A1ARs play an important role in transducing adenosine physiological effects. A1ARs are 326 amino acids in length, with 7 transmembrane-spanning domains. 17 A1ARs activate the Gi and Go alpha subunits of G proteins, inhibit cAMP accumulation, activate phospholipase C, and open ion channels. 10 Adenosine and adenosine receptors influence a number of cellular processes, as well. For example, adenosine receptors activate transcription factors, eg, nuclear factor-B, which in turn activates proinflammatory molecules. 19 Adenosine also plays a role in regulating cellular events by influencing the expression of the transcription factor hypoxia-inducible factor (HIF-1). 19 A1AR-selective compounds are available and include the agonist N 6 -cyclopentyladenosine. 20 Specific A1AR antagonists include 8-cyclopentyl-1,3-dipropylxanthine. 20 Methlyxanthines, including caffeine and aminophylline, are nonselective adenosine antagonists that block A1ARs and other adenosine receptors. 20
Adenosine Receptor Expression in Mature Mammals
Highest levels of A1AR gene expression are detected in adult brain, fat, and testis. 17 Less prominent A1AR expression is seen in the heart and kidneys. 17 A2aAR gene expression is seen in brain, heart, and lung. 16 A2bAR mRNA expression is highest in colon and bladder. 21 A2bARs expression is also high in retina. 22 A3AR gene expression is found in testis, heart, and retina. 18 Whereas levels of gene and binding site expression are proportional for A1AR and A2aAR, gene expression is much greater than binding site expression for A3ARs. 23 In the brain, A2aARs are expressed in several brain regions, and heavy expression is seen in the striatum on cells expressing D2 dopamine receptors, an observation that dates back 2 decades. 16 A2bAR expression is localized to the pars tuberalis region of the hypophysis. 15, 21 Functional studies have suggested the presence of A3ARs in the central nervous system. 24 A1ARs are among the most widespread G proteincoupled receptors in the brain. In comparison with the relatively discrete expression of other receptor subtypes, A1AR expression is at a high level throughout the brain. 17, 25 In the heart, A1AR expression is present in atria and ventricles, and atrial A1AR expression is greater than that seen in the ventricles. 26 A2aARs are present in coronary vessels in endothelial cells, in smooth muscle cells of blood vessels, and on myocytes. 27 A3ARs are present in myocardial tissue, although at low levels. 18 A2bARs are present on endothelial cells, smooth muscle cells, and fibroblasts. 28 Adenosine receptors are thus localized at sites that modulate cardiovascular system function.
Developmental Expression of A1ARs
Whereas it is likely that several of the different adenosine receptor subtypes play important and possibly protective roles during development, we know more about the role of A1ARs in this regard, and A1ARs are the major focus of this report. A1AR expression is present in the brain when neural tissue first appears, and A1ARs are among the earliest expressed G protein-coupled receptors in the fetal heart. 26 During early embryogenesis, when the primitive cardiac cylinder appears, A1AR gene expression is seen over the developing myocardium. Labeling of the nodal region, which controls embryo situs, is seen. 26 Later in embryogenesis, A1AR expression is seen in the heart, brain, spinal cord, and kidney. 26 Within the heart, A1AR binding site expression is more prominent over the atria than the ventricles. 26 Reporter assay studies reveal that a 500 -base pair section of the proximal A1AR promoter contains essential elements for A1AR gene expression. 29 Within the proximal A1AR promoter, putative binding sites for cardiac transcription factors GATA4 and Nkx2.5 were identified. 29 Embryonic A1AR expression thus involves activation of the A1AR promoter by GATA-4 and Nkx2.5.
Adenosine Influences on the Embryo

Influences on Embryogenesis
In different species, adenosine has been shown to exert potent effects on the developing cardiovascular system. In chicken embryos, A1ARs are expressed in the heart during early embryogenesis. 30 Treatment of Hamburger and Hamilton stage 4 embryos with the A1AR agonist N 6 -cyclopentyladenosine caused cardiac bifida and looping defects in 55% of embryos. Hamburger and Hamilton stage 4 embryos exposed to hypoxia followed by recovery in room air until stage 11 exhibited cardiac bifida and looping defects. 30 Hypoxia-induced abnormalities were reduced when A1AR signaling was inhibited by the A1AR antagonist 1,3-dipropyl-8-cyclopentylxanthine or by small interfering RNA-targeting A 1 ARs. Thus, in chickens, adenosine appears to adversely influence embryogenesis, 30 which differs from that seen in mammals.
Because adenosine and A1ARs mediate the adverse effects of hypoxia on the developing postnatal mammalian brain and lung, 31 we anticipated that blockade of adenosine action would protect embryos from hypoxia. 31 To our surprise, we observed that adenosine exerts dramatic protective effects during mammalian embryogenesis. 32, 33 Timed pregnant dams from A1ARϩ/ϪϫA1ARϪ/Ϫ matings were exposed to hypoxia or room air during early embryogenesis. 33 Under normoxic conditions, embryos lacking A1ARs develop normally. However, embryos lacking A1ARs were markedly growth retarded in hypoxia 33 (Figure  1) . These data show that adenosine acting via A1ARs plays an important role in protecting the embryo from hypoxia.
Observing A1AR's embryo-protective roles, we examined the molecular pathways that may mediate these effects. We found differences in networks of molecular responses to hypoxia, suggesting that adenosine alters HIF1-␣ signaling. 33 We also found that the amount of stabilized HIF-1␣ protein was markedly reduced in A1ARϪ/Ϫ embryos exposed to hypoxia. 33 
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After embryonic day (E) 10 in mice, the embryo is dependent on the fetal heart for adequate nutrient delivery. 5 Thus, to test whether adenosine confers embryo-protective effects by acting at the heart, mice that lacked A1ARs only in the heart were developed. 32 Remarkably, we observed that embryos lacking cardiac A1ARs had reduced survival in hypoxia, and those that survived were growth retarded.
These observations show that adenosine plays a key role in protecting the embryo against intrauterine stress, and adenosine exerts protective effects through A1ARs expressed in the heart. It is likely that adenosine action on embryo cardiac function plays a major role in embryonic responses to intrauterine stress.
The Role of Other Adenosine Receptor Subtypes
In addition to A1ARs, adenosine exerts effects during development via other adenosine receptor subtypes, in mammalian and nonmammalian species. 34 In developing lambs, A2aARs in the brain regulate ventilatory responses to hypoxia. 35 A2aARs also are involved in O 2 sensing in fetal carotid bodies and brains. 35 In mice, maternal treatment with A2aARs antagonists influences embryonic hemodynamic function and growth, and A2aAR gene expression is detected at E11.5. 36 In mice, overexpression of the A3AR gene in development induces embryo death, suggesting that proper levels of A3AR expression are needed for normal embryo development. 37 
Effects of Caffeine on the Embryo
Because caffeine is widely consumed, potential effects of caffeine on the developing fetus have been examined in animals and humans. 38 A cup of coffee, tea, or cola contains 100 to 300 mg of caffeine, and it is estimated that more than 60% of pregnant women consume caffeine-containing beverages. 38 Following administration to pregnant rodents, embryo and fetal caffeine levels are 90% of maternal levels. 38, 39 Fetal caffeine clearance is much longer than that observed in the dam, with a half-life of 12 to 24 hours. 38, 39 Maternal caffeine intake also induces downregulation of A1ARs in mothers and fetuses, suggesting that caffeine will also be able modify receptor action. 40 In rats, teratogenic effects of caffeine on the fetal heart are observed at doses in excess of 50 mg/kg. 41 The most common cardiovascular malformations are ventricular defects. 42 Cardiac morphogenesis has been found to be impaired in embryos from mothers treated with both ethanol and caffeine, 43 showing that caffeine can amplify the effects of other toxins.
In contrast to animal studies, major teratogenic effects of caffeine have not been found in humans. 41 Few studies, though, have evaluated the effects of caffeine consumption during early embryogenesis. 38, 41 Recent studies reveal that coffee consumption is associated with an increased risk of cardiovascular malformations. 38, 44 Caffeine consumption during pregnancy is also associated with an increased risk of miscarriage in a dose-dependent manner, an effect most pronounced in early pregnancy. 45, 46 Figure 1. A1 adenosine receptors (A1ARs) protect against growth retardation in embryos. Hypoxia induces severe growth retardation in A1ARϪ/Ϫ embryos. Dams were exposed to 10% O 2 from embryonic day (E) 8.5 to E12.5. Crown to rump length was measured for normoxia-and hypoxia-treated embryos at E12.5. Under normoxia conditions, A1ARϩ/Ϫ embryos (A) were indistinguishable from A1ARϪ/Ϫ embryos (B). Under hypoxic conditions, A1ARϩ/Ϫ embryos (C) were smaller than the normoxic controls (A), but A1ARϪ/Ϫ embryos (D) were significantly smaller than A1ARϪ/Ϫ or A1ARϩ/Ϫ normoxic embryos. A1ARϪ/Ϫ hypoxic hearts (H) were smaller than A1ARϩ/Ϫ normoxic (E), A1ARϪ/Ϫ normoxic (F), or A1ARϩ/Ϫ hypoxic (G) hearts. Scale barsϭ1 mm.
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Clinical studies suggest that caffeine may influence fetal growth. The risk of having infants who are small for gestational age is doubled if mothers have high caffeine intake. 47 Women who reduce their caffeine intake from greater than 300 mg/day to less than that amount early in pregnancy have lower risks of delivering infants with low birth weight than women who do not. 47, 48 Considering the above, we tested whether caffeine exerts effects on the embryo similar to that seen when A1ARs are deleted. 49 Pregnant mice in room air or hypoxia were treated with a single dose of caffeine at E8.5, resulting in circulating concentrations in the dam equivalent to those seen with 2 cups of coffee. 39 The time of exposure was equivalent to 20 to 30 days of human gestation, a time when many women are not aware that they are pregnant.
Caffeine was associated with reduced fetal viability. 49 When embryo size was assessed, the caffeine-treated embryos were smaller than vehicle-treated embryos. 49 When cardiac histology was examined, caffeine resulted in reduced ventricular myocardial area. Caffeine also reduced HIF-1␣ protein expression in hypoxia. 49 We next assessed whether there were long-term effects of prenatal caffeine exposure. Pregnant dams were exposed to hypoxia or room air from E8.5 to E10.5 and treated with caffeine or vehicle. At 2 months of age, the hypoxia-caffeineexposed male mice were significantly heavier than controls, and body fat content was significantly greater when there was prenatal caffeine exposure. 49 Echocardiography of adult animals revealed decreases in cardiac function in the groups exposed to the single dose of caffeine. 49 At present, the adenosine-mediated effects that are disrupted by caffeine that trigger embryo loss or altered fetal development are not known. During early embryogenesis, cardiac output is very much dependent on fetal heart rate. We observe that caffeine leads to alterations in embryo heart rate. It has also been observed that caffeine alters maternal cardiac output and effects embryo cardiovascular function. 36 Thus, it is likely that alteration in embryo cardiac activity by caffeine leads to altered tissue perfusion, contributing to embryo loss or altered embryo development.
Conclusion
An expanding body of data shows that adenosine plays an important role during prenatal development. Reduced A1AR action during embryogenesis leads to embryo loss, acute growth retardation, and hearts with thinner ventricular walls. Caffeine induces defects like that seen in embryos lacking A1ARs exposed to hypoxia. A1ARs are needed for full stabilization of HIF-1␣ protein in hypoxia. Embryonic caffeine treatment is associated with increased body fat and reduced cardiac function in adulthood. Thus, we have identified unique aspects of A1AR action that protects the embryo against acute hypoxic insults at embryonic stages ( Figure 2 ). As such, it is possible that the mechanism by which caffeine leads to embryo loss during early gestation is via blockade of A1AR action.
Adenosine plays important modulatory roles in mammalian development, conferring protective or deleterious effects depending on the timing of exposure and site of action. As such, adenosine antagonists, including caffeine, may be an unwelcome exposure for the embryo.
Building on these observations, additional clinical investigation is needed to better address caffeine safety during pregnancy. Studies are also needed to match known prenatal caffeine intake with long-term postnatal outcomes to determine whether caffeine contributes to the programming of adult disease. As such, determining whether prenatal caffeine exposure exerts epigenetic effects is needed too. Studies that better define the cellular targets of caffeine and adenosine action will also better define fundamental mechanisms that play adaptive roles in responses to hypoxia and other environmental insults.
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Figure 2.
Cartoon depicting contribution of adenosine to protecting the embryo against intrauterine stress and how this is disrupted by caffeine. A1AR indicates A1 adenosine receptor; HIF, hypoxia-inducible factor; HRE, hypoxia response element.
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